I N PREVIOUS
work, it was found that the 'osmotic ceiling' in the urine from the desert rodents Heteromyidae is exceptionally high compared with the osmotic ceiling in urine from other mammals. This mechanism is of importance to water conservation.
The general objective of the further investigations was to find in what respects the function of the heteromyid kidney differs from that of other mammalian kidneys.
The emphasis of the present study was upon the demonstration of tubular excretion of urea, but information concerning glomerular filtration rate and salt excretion has also been obtained.
As described in previous papers (I-3), the heteromyids are able to excrete a urine with urea concentrations up to 3.8 M ( 23yO). These high concentrations of urea in the urine were found in animals with plasma urea concentrations around IO mM. This means that the urine was about 400 times as concentrated with respect to urea as the plasma. Such high urine/plasma (U/P) concentration ratios have not been found in other mammals. In man maximum urea U/P ratio is about 170 (4) , in dog it is about 220 (s), and in white rats we have found values up to 200. The high urea U/P ratios in the heteromyids could be a result of: I) high tubular reabsorption of water, 2) low permeability of the tubular wall to urea, 3) active tubular excretion of urea. Tubular excretion of urea has not been demonstrated in other mammals, but it has been found in the frog by Marshall (6) and Walker and Hudson (7), and in the aglomerular fish by Grafflin (8) . The tubular excretion of urea seemed to the author the most likely of the three possibilities, and attempts were made to establish conditions that would be optimal for the demonstration of the hypothetical tubular excretion. The demonstration would depend on the finding of urea clearances higher than simultaneous inulin clearances. This could probably best be accomplished by increasing the diuresis and thereby decreasing the back diffusion of urea, and also, if possible, by increasing the tubular excretion of urea. In Berliner and Kennedy's work with tubular excretion of potassium (9), it was found that potassium excretion could be increased upon repeated oral administration of potassium salts over a period of time. The possibility suggested itself that tubular excretion of urea might be increased in a similar way, i.e. by the administration of a high protein diet over a period of time. The experiments reported on the following pages show that the urea/inulin clearance ratio is increased in heteromyids maintained on a high protein diet. Under such conditions urea/inulin clearance ratios higher than unity were found repeatedly.
METHODS

Analytical Methods
In all the analytical work Carlsberg micropipettes (IO) were used. By means of these pipettes minute urine samples can be measured and analyzed. One 5-to IO-~1. sample of urine supplies sufficient material for three determinations: inulin, urea and electrolyte concentrations.
Inulin
Determinations.
For inulin determinations the method of West and Rapoport (II) was used. The color was measured in a Beckman spectrophotometer. The accuracy of the method was improved by using a mechanical stirring device in the ice bath as well as in the 7oOC. water bath. In this way the batch of tubes was cooled or heated more uniformly. The results of analysis on known standards checked within 53 per cent.
Urea Determinations.
For urea determinations Conway and O'Malley's microdiffusion method (12) was used. The use of a water repellent coating (Dry Film 9987, General Electric Company) on the Conway dishes was highly effective in preventing the reagents from running together prematurely. This modification increased the ease of manipulation and improved the accuracy of the method. The method is accurate within =t I per cent and is extremely convenient to work with.
Total Content of Electrolytes.
The total content of electrolytes in urine and serum was estimated by determining the electrolytic conductivity. The technique described by Holm-Jensen (13) was used. The results are given in terms of milimolarity of the sodium chloride solution with the same conductivity as the sample in question.
Determination
of Sodium, Potassium and Other Elements.
For the determination of sodium, potassium and other elements, the spectrochemical analysis described by Cholak and Hubbard (14) was used. This method has the great advantage that a permanent record (the photographic plate) is obtained, giving a complete analysis of a large number of elements present in the sample. If any of the elements in which we have no immediate interest should later be found to be of interest, the records are still available, and samples from these earlier experiments can be analyzed for other elements merely by measuring the appropriate lines on the photographic plates.
Animals
Two species of heteromyids were used in the experiments: I) The banner tailed kangaroo rat, Dipodomys spectabilis, average weight about IOO gm. z) Merriam's kangaroo rat, Dipodomys merriami, average weight about 40 gm.
The animals were trapped in southern Arizona. They were all mature and had been in captivity for not less than I month prior to the experiments. As a rule, each animal was used in one experiment only. Occasionally, however, animals were used in one or two more experiments but not before 2 to 3 months had elapsed since the last experiment. prior to the clearance experiment. They were weighed twice a week and it was found that they gained or maintained body weight on all the experimental diets.
Procedure for Determinations of Glomerular Filtration
Rate and Other Clearances
The night before the experiment the animals, except in expehnent I, regardless of what diet they had been on before, were fed soy beans. This was to insure the excretion of a fairly large amount of urea without imposing the unnatural load caused by injection or ingestion of urea solutions. Lettuce was given ad libitum so that the animals would not be dehydrated before the experiment. This was necessary in order to obtain a sufficiently high diuresis upon the administration of salt solutions. Inulin was given subcutaneously in the amount of I ml. of a IO per cent inulin solution per IOO gm. of body weight.
When a high diuresis was wanted, a salt solution was given by stomach tube. In some experiments a 0.7-N sodium chloride solution was given in an amount corresponding to 3.5 per cent of the body weight; in other experiments a Z-N sodium chloride solution was used in the amount of I per cent of the body weight. No anesthesia was used either for the inulin injection or for the stomach tube. In the experiments with Dipodomys merriami the salt solution was administered just before the inulin injection;
in Dipodnmys spectabih it was administered I hour after the inulin injection.
Immediately after the inulin and salt water had been administered, the animals were placed in small wire cages on petri dishes in a thermoregulated box at 3o°C. The animals were under constant observation so that urine samples could be collected from the petri dishes as soon as they appeared. The petri dishes were given a water repellent coating (Dri-Film 9987, General Electric Co.) so that all of the urine could easily be sucked into a graduated micropipette and measured to I ~1. The reason for keeping the animals at a temperature of 3oOC. is that the heteromyids, if confined to the small wire cages at room temperature, show a decrease in body temperature. The cooling of the animals affects the renal function, resulting in a cold diuresis.
In order to obtain reliable data for the serum concentrations during the urine collection periods without taking blood samples before the end of the urine collection periods, plasma concentrations were obtained by analyzing blood from a number of anim .als which had received the same treatment and dose of mental animals. Blood samples were taken by heart puncture d inulin uring as th e experiether narcosis, one sample from each animal. A curve for the plasma inulin concentration was established by taking samples at intervals of about 30 minutes, starting I hour and ending 5 hours after the inulin injections.
Blood samples were also taken from the animals in which clearance determinations were performed, but these samples were not taken until the end of the last urine collection period. Figure I illustrates the plasma inulin and urea concentrations in one experiment. Similar plasma concentration curves were found in other experiments.
In Dipodomys merriami where the salt solution was given simultaneously with the inulin injection, the initial rise and fall lasted about 2; hours, after which the inulin plasma concentration leveled off and became fairly constant until it rather suddenly dropped off about 5 to 6 hours after the injection. In the case of Dipodomys spectabilis (salt solution administered I hour after the inulin injection), the inulin concentration did not level off before approximately 3$ hours after the inulin injection. In all the experiments the urine samples used for clearance determinations have been collected from BODIL SCHMIDT-NIELSEN Volume I 70 2 to 2+ hours up to 5 to 53 hours after the injection. The midpoint serum concentration for any given clearance period has been found by extrapolation, parallel to the curve, from the inulin concentration found in the blood sample taken immediately after the last urine collection from that animal. The values obtained from the horizontal part of the curve are fairly accurate while the values obtained from the sloping parts of the curve are more inaccurate. A moderate fall in plasma urea concentration occurred during the period when the inulin concentration was falling rapidly. It was difficult, however, to establish a curve for the variations in plasma urea concentrations because of the individual variations.
The midpoint urea concentrations have been estimated in the same way as the inulin concentrations by extrapolation.
COMMENTS Discussion of Methods
In the present investigation inulin clearance was determined, and the conclusions were drawn on the basis of the assumption that the inulin clearance is a measure of the glomerular filtration rate. and allantoin should be compared, but there is strong evidence that inulin clearance is a valid measure of the glomerular filtration rate in all mammals (IS). Administration of Inulin. The administration of inulin in a single subcutaneous injection was found suitable for two reasons: I) A single injection given without anesthesia disturbs the animal less than most other procedures. It is important to avoid outside disturbances as they give rise to decreased urea excretion. z) A fairly constant inulin plasma concentration is obtained for a period of 2 to 3 hours (see fig. I ), and thereby the errors encountered in working with a rapidly falling plasma concentration can be partly avoided.
Method of Determining Midpoint Concentrations.
The method for determining midpoint concentrations was chosen because it was found in preliminary experiments that interferences such as ether narcosis, tail cutting or heart puncture caused a decrease in the urea/inulin clearance ratio. The method is similar to one of the methods (the 'undisturbed' method) used by Lippman (16) . Lippman compared the 'undisturbed' and the 'tail cutting' method in rats. He found 37 per cent lower urea and creatinine clearance values when the 'tail cutting' method was used. In spite of this he recommends this method because it gave more constant results. Salt Solution as a Diuretic. The use of a salt solution as a diuretic has been found to be effective. Tap water was tried with very little success. It does not increase the diuresis sufficiently even when given in the highest tolerable dose (3.~7~ of the body July I952   TUBULAR  EXCRETION  OF UREA   49 weight). In some cases it produced a pathological condition (water intoxication) with hematuria.
Method of Collecting
Urine. Urine could be obtained only when the animals emptied their bladders voluntarily since these animals cannot be catheterized because of an S-shaped urethra. Other methods for emptying the bladder from the living animal proved unsuccessful.
Since external disturbances interfere with renal function, it is advantageous to allow the animal to empty the bladder voluntarily. Several successive samples can be collected in this way. Errors may arise if the bladder is not completely emptied each time. To test this possibility several animals were killed immediately or shortly after they had urinated and in these cases the Dipodomys merriami were always found to have empty bladders. The Dipodomys spectabilis on the other hand were often found to have more urine in the bladder than could possibly have been formed in the short period of time that had elapsed since the urination.
Another finding seems to support the idea that Dipodomys spectabilis do not always empty the bladder completely (or store urine in the ureters or pelvis). Sometimes at the peak of the salt diuresis a Dipodomys spectabilis would deliver two samples of urine, about I cc. each, at an interval as short as 2 to 4 minutes. The calculation of the glomerular filtration rate for such clearance periods gave values as high as 24.6 ml/minute/roe gm. body weight, and it is extremely unlikely that such values can be correct. It is more reasonable to assume that the urine has been formed over a longer period of time. A very important question, then, is to what degree this error will influence the urea/inulin clearance ratio. If the urine is formed during the period in which the inulin and urea concentrations in the blood are constant or slowly falling, the error resulting from using a midpoint later than the actual midpoint will be rather insignificant. However, if the urine is formed during the period in which the plasma inulin concentration is rapidly falling, while the plasma urea concentration is constant or slowly decreasing, the error can become rather serious. The calculated inulin U/P ratio will become too high while the urea U/P ratio will be approximately correct. The urea/inulin clearance ratios found under such circumstances will therefore tend to be lower than the true values.
Discussion of Results
The results of nine experiments with Dipodomys merriami and Dipodomys spectabilis are presented in tables I and 2, respectively. The clearance periods within each experiment are averaged in groups according to the inulin U/P ratios without regard to the individual animals from which the data are obtained. The groups are arranged according to increasing inulin U/P ratios.
Glomerular Filtration
Rate. The average glomerular filtration rate in Dipodomys merriami (86 clearance periods) was 0.77&0.04 ml/minute/roe gm. body weight (range o. I 2 -2.20).
In Dipodomys spectabilis the average filtration rate (56 clearance periods) was 0.6Wo.05 (range 0. I 7 -2.22) ml/minute/roe gm. body weight. These figures compare well with the values found in the white rat by most investigators. BraunMenendez et al. (17) , Friedman (IS), Friedman et al. (19) and Corcoran et al. (20) , all found values averaging 0.60 to 0.70. Dicker (21) on a medium protein diet found 0.43&0.01 ml/minute/roe gm. body weight; on a high protein diet 0.76~to.34 ml/minute IOO gm. body weight.
In Dipodomys merriami there was no difference between the average glomerular filtration rate on a high protein diet, 0.76&0.06 ml/minute/Ioo gm. body weight and on a low protein diet 0.77ko.05 ml/minute/Ioo gm. body weight. In Dipodomys spectabilis there is a slight difference between high protein diet, 0.71~0.09 ml/minute/Ioo gm. body weight, and low protein diet, 0.61~to.03 ml,/minute/Ioo gm. body weight, but this difference is not significant.
The study of the relationship between glomerular filtration rate and urine flow is complicated by the fact that the experiments with high and with low urine flows are carried out under different experimental conditions (differences in diet prior to experiment).
In Dipodomys spectabih it is further complicated by inaccuracies in the determination of urine flow. The results do indicate, however, that the glomerular filtration rate is increased at the peak of the salt diuresls. This is also suggested by the serum inulin curve. (fig. I) . In Dipodomys merriami the rapid fall in serum inulin concentration occurs between I and 2; hours after the administration of salt solution and inulin. In Dipodomys spectabilis, where the salt solution was administered I hour .after the inulin injection, the rapid fall occurred at the same time relative to the administration of salt, but was delayed I hour relative to the inulin injection. Na, K and Total Electrolyte Excretion. The experiments were not planned with the purpose of studying the various aspects of electrolyte excretion; some information, however, can be derived from the present material. The most important of the findings is that the potassium excretion seems to be higher in the animals on a high protein diet than in the animals on a low protein diet. Potassium/inulin clearance ratios higher than unity have been found in a few of these experiments.
Another finding is that the highest electrolyte concentrations (I .o to I .5 N) usually are found when tubular reabsorption of water is high (200 or more). Urea Excretion.
Reference to tables I and 2 shows that urea/inulin clearance ratios higher than unity were found in a number of clearance periods. If these findings prove correct the interpretation must be that the Heteromyidae can excrete urea in excess of the amount filtered, and therefore must have a mechanism for renal tubular excretion of urea in spite of the fact that such a mechanism has not been demonstrated in other mammals. However, because of the technical difficulties involved in making accurate clearance determinations in a small and easily excitable animal like a kangaroo rat, the data should be accepted with reservation.
The method of determining midpoint serum concentrations of urea and inulin by extrapolation on a curve fitted from values obtained from other individuals might give rise to serious errors. Although it seems unlikely that all of the urea/inulin clearance ratios higher than unity could be erroneous, this possibility cannot be excluded. Further experimentation using a different approach is being conducted in order to clarify this problem.
In all the experimental groups urea/inulin clearance ratios higher than unity are found when the tubular reabsorption of water is low, i.e. when inulin U/P ratios are below 50. With increasing tubular reabsorption of water, i.e. increasing inulin U/P ratios, the ureajinulin clearance ratios decrease. This can be compared with Shannon's findings on dogs. In dogs urea is supposedly not excreted by tubular activity but by filtration alone. The tubules are somewhat permeable to urea, and part of the filtered urea diffuses back into the blood stream. The back diffusion increases with increasing concentration gradient across the tubular wall. Thus, increasing tubular reabsorption of water increases the fraction of urea that diffuses back, thereby decreasing the urea/ inulin clearance ratio. Shannon's results on dogs are shown on the graph that presents our data for Dipodomys merriami ( fig. 2) against the reabsorption of water as measured by the U/P ratio of inulin. It is seen that urealinulin clearance ratios are considerably higher in the heteromyids than in the dog. The decrease in the urea/inulin clearance ratios in the heteromyids with increa.sing tubular reabsorption of water seems to be due to the same phenomenon as in the dog, viz. the diffusing back of urea with increasing concentration gradient. The scattering of the results in the heteromyids is considerable as compared with that in the dog. This is due to several factors: I) The experimental error is larger in experiments with heteromyids than in dogs, where a constant inulin infusion can be maintained and blood samples can be drawn at any time. 2) The results from the heteromvids are from manv individuals and the tubular excretion of urea seems to There is a significant difference in the urea/inulin clearance ratios between the groups of animals on high and on low protein diet (tables I and 2), the ratios being higher in all the groups on high protein diet. The animals on a dry, low protein diet (experiment 4, table I) also have higher urea/inulin clearance ratios than the animals on a high moisture, low protein diet (experiment 3, table I). This finding, that the tubular excretion of urea can be increased when a high protein intake is maintained over a period of time, seems to be comparable to the finding by Berliner et al. (9) of increased tubular excretion of potassium after an increased potassium intake over a period of time.
As mentioned earlier many external disturbances such as ether anesthesia, exposure to cold, or tail cutting, apparently depress or completely block the tubular BODIL SCHMIDT-NIELSEN Volume 170 excretion of urea. From experiments 5 and 9B (tables I and 2) it was found that the urea/inulin clearance ratio is depressed during mannitol diuresis. The tubular excretion of urea seems to be partly or totally blocked, so that the level of excretion is similar to that in the dog (fig. 2) . The mechanism (behind the blocking) is as yet unknown.
Mannitol has not been found to have any effect upon the urea/inulin clearance ratios in other mammals. The effect of mannitol in heteromyids, therefore, may add further support to the theory that urea, in addition to being filtered, is excreted by tubular activity in these animals.
SUMMARY
The renal function in the desert rodents Heteromyidae was studied because it was found that these animals have an unusually high osmotic ceiling in their urine. A procedure for determination of glomerular filtration rate (inulin clearance) and other clearances was worked out. The animals were disturbed as little as possible before and during the urine collection periods. It was found that the animals probably have a tubular excretion of urea, as demonstrated by urealinulin clearance ratios higher than unity which were found in all animals when the inulin U/P ratio was below 50. Urea/inulin clearance ratios were higher in animals maintained on a high protein diet (soy beans, about 407~ protein) than in those on a low protein diet (barley, about 8% protein).
The urea/inulin clearance ratios were depressed during mannitol diuresis. These findings are consistent with the hypothesis of a tubular excretion of urea, but complete acceptance of the theory should await further experimentation.
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